AR-C155858 and AZD3965, pyrrole pyrimidine derivatives, represent potent monocarboxylate transporter 1 (MCT1) inhibitors, with potential immunomodulatory and chemotherapeutic properties. Currently, there is limited information on the inhibitory properties of this new class of MCT1 inhibitors. The purpose of this study was to characterize the concentration-and time-dependent inhibition of L-lactate transport and the membrane permeability properties of AR-C155858 and AZD3965 in the murine 4T1 breast tumor cells that express MCT1. Our results demonstrated time-dependent inhibition of L-lactate uptake by AR-C155858 and AZD3965 with maximal inhibition occurring after a 5-min preincubation period and prolonged inhibition. Following removal of AR-C155858 or AZD3965 from the incubation buffer, inhibition of L-lactate uptake was only fully reversed after 3 and 12 h, respectively, indicating that these inhibitors are slowly reversible. The uptake of AR-C155858 was concentration-dependent in 4T1 cells, whereas the uptake of AZD3965 exhibited no concentration dependence over the range of concentrations examined. The uptake kinetics of AR-C155858 was best fitted to a Michaelis-Menten equation with a diffusional clearance component, P (K m = 0.399 ± 0.067 μM, V max = 4.79 ± 0.58 pmol/mg/min, and P = 0.330 ± 0.088 μL/mg/min). AR-C155858 uptake, but not AZD3965 uptake, was significantly inhibited by alpha-cyano-4-hydroxycinnamic acid, a known nonspecific inhibitor of MCTs 1, 2, and 4. AR-C155858 demonstrated a trend toward higher uptake at lower pH, a characteristic of proton-dependent MCT1. These findings provide evidence that AR-C155858 and AZD3965 exert slowly reversible inhibition of MCT1-mediated L-lactate uptake in 4T1 cells, with AR-C155858 representing a potential substrate of MCT1.
INTRODUCTION
The rapid transport of L-lactic acid across the plasma membrane is mediated by 4 proton-linked monocarboxylate transporters, MCT1-4, which are part of the solute carrier SLC16A gene family (1) (2) (3) (4) . MCT1, by far the best characterized isoform, is expressed extensively throughout the body (5) and it is involved in bidirectional transport of a number of monocarboxylates including L-lactate (6) . MCT2 is an uptake transporter with higher affinity, but its expression is restricted to certain tissues (7) . MCT4 is a low-affinity lactate transporter and it is expressed mainly in glycolytic tissues, where it facilitates lactic acid efflux (8, 9) .
Aside from their physiological role in lactic acid transport and pH homeostasis, MCT1 and MCT4 are of interest as therapeutic targets in cancer (10) (11) (12) (13) . A key metabolic alteration in cancer is enhancement in the rate of glycolysis, which results in production of lactic acid and changes in intracellular pH. Overexpression of MCT1 and/or MCT4 have been reported in various human cancers, including breast cancer, where its expression is correlated with poor prognosis and survival (14) (15) (16) . Furthermore, MCT4 has been demonstrated to be regulated by hypoxia-inducible factor 1α (HIF-1 α), a key transcription factor known to be responsible for enabling tumor cells to adapt to hypoxic conditions and maintain tumor growth (17) (18) (19) . In this context, MCT1 and/or MCT4 have been proposed as potential therapeutic targets in cancer. Studies with inhibitors of MCTs and silencing RNAs have provided proof of concept that inhibiting MCTs can reduce tumor growth in a number of human cancer xenograft models (20) (21) (22) (23) (24) (25) . However, many of these inhibitors such as alpha-cyano-4-hydroxycinnamic acid (CHC) lack potency and specificity (2, 26) .
Recently, a new class of specific and potent inhibitors of MCT1 have been developed by AstraZeneca as immunosuppressant agents to potently inhibit T lymphocyte proliferation (27, 28) . It was later identified that these compounds inhibit MCT1-mediated lactic acid efflux during T lymphocyte proliferation (27) (28) (29) . One of these compounds, AR-C155858 (Fig. 1a) , demonstrated potent inhibition of MCT1 with a K i value of 2.3 nM in rat erythrocytes that express endogenous MCT1. AR-C155858 was also reported to inhibit MCT2, but to a lesser extent (K i > 10 nM), in studies of MCT2-transfected Xenopus laevis oocytes (30, 31) . AZD3965 (Fig. 1b) , an analogue of AR-C155858, is an orally bioavailable inhibitor of MCT1 that is currently being investigated in a phase I clinical trial in the UK for advanced solid tumors and lymphomas (NCT01791595). AZD3965 shows similar potency and specificity as AR-C155858, with 6-fold higher potency for MCT1 compared with MCT2, and no inhibition of MCT3/MCT4 at 10 μM (23). AZD3965 has been demonstrated to significantly decrease cell and tumor growth in human small-cell lung cancer and various lymphoma xenograft models that overexpress MCT1 (21) (22) (23) 32, 33) .
Previous work from our laboratory has shown that inhibition by AR-C155858 was time-dependent and not rapidly reversible (34) . The mode of action by AZD3965 is largely unknown and has not been studied. The objective of our current study was to further characterize the properties of AR-C155858 and AZD3965 in the murine 4T1 breast tumor cells, a relevant cell system to study MCT1 that is highly conserved across species (35) , as it expresses MCT1, but not MCT2 or MCT4 (36) . We evaluated the time-dependent inhibition of L-lactate uptake by AR-C155858 and AZD3965 as well as the reversibility of the inhibition. Our current study also sought to characterize the cellular uptake of AR-C155858 and AZD3965 and determine if these inhibitors are also MCT1 substrates.
MATERIALS AND METHODS

Chemicals and Reagents
L-lactate (as calcium salt) and alpha-cyano-4-hydroxycinnamic acid (CHC) were purchased from SigmaAldrich (St. Louis, MO). AZD3965 and AR-C155858 were obtained from AstraZeneca, MedKoo Biosciences (Chapel Hill, NC), and Chemscene (Monmouth Junction, NJ), respectively. L-[
3 H] lactate was purchased from American Radiolabeled Chemicals (St. Louis, MO).
Cell Culture
Mouse mammary tumor, 4T1 cells were kindly provided by Dr. Elizabeth A. Repasky (Roswell Park Cancer Institute, Buffalo, NY). Cells were maintained at 37°C in a humidified atmosphere with 5% CO 2 /95% air. The 4T1 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 100 units penicillin, and 100 μg/mL of streptomycin.
Culture medium was changed every 2-3 days, and cells were passaged with 0.25% trypsin/EDTA.
Cellular L-Lactate Uptake Studies
The 4T1 cells were plated in 35-mm (diameter) culture dishes at a cell density of 2.0 × 10 5 cells/mL 2 days before the uptake study. On the day of the experiment, the culture medium was removed and cells were washed three times followed by equilibration for 20 min at 37°C with the uptake buffer containing 137 mM N-methyl-D-glucamine, 5.4 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES at pH 6.0 and 7.4. pH 6.0 was used to drive the transport by MCT1, as transport is dependent on the proton gradient. pH 7.4 represents the physiologically relevant blood pH and was used for comparison. Cells were pre-incubated with the inhibitors at 37°C and subsequently cooled to room temperature (RT) for 5 min. Cells were then incubated in 1 mL of uptake buffer containing [ 3 H]-L-lactate and 0.5 mM of cold L-lactate for 1 min at RT. A reaction time of 1 min was used because it was determined that 1 min is within the time range of linear uptake of L-lactate in 4T1 cells. The uptake was terminated by aspirating the uptake buffer, followed by washing the cells rapidly three times with icecold buffer. Cells were lysed in 0.5 mL of 1.0 N NaOH for 1 h at RT and the cell lysates were neutralized with 0.5 mL of 1.0 N HCl. Scintillation fluid (3 mL) was added to 400 μL of cell lysate, and the radioactivity was measured by liquid scintillation counting (1900 CA, Tri-carb liquid scintillation analyzer, Packard Instrument Co., Doners Grove, IL). Protein concentrations were determined using BCA protein assay kit (BCA, Pierce Chemicals, Rockford, IL). All the results were normalized to total protein content and were expressed as pmol/mg protein/min or pmol/mg protein.
To examine time-dependent inhibition, cells were preincubated with AR-C155858 or AZD3965 (200 nM) in uptake buffer for 0, 1, 3, 5, 7, 15, 30, 45, 60, 120, 180, and 300 min. Cells were treated with AR-C155858 and AZD3965 (200 nM) under various conditions: (1) uptake of L-lactate alone (control), (2) pretreatment with the inhibitor for 30 min at 37°C followed by uptake of L-lactate, and (3) pretreatment with the inhibitor for 30 min at 37°C followed by washing the cells three times with ice-cold buffer and uptake of L-lactate. To study time-dependent reversibility of inhibition, the inhibition of L-lactate by AR-C15585 and AZD3965 (200 nM) was assessed at various times (0, 15, 30 min, 1, 2, 3, 5, 8, 12, 24, and 48 h) after the removal of the inhibitors by washing the cells three times with ice-cold buffer. After the removal of the inhibitors, cells were maintained in serum-free medium at 37°C. At the designated time point, culture medium was removed and uptake reaction of L-lactate was carried out as described earlier.
Cellular AR-C155858 and AZD3965 Uptake Studies
Since the proposed mechanism of inhibition by AR-C155858 involves slow membrane permeability before it inhibits MCT1 by binding at an intracellular site (30, 37) , we further studied the inhibitory properties of AR-C155858 and AZD3965 by determining whether these inhibitors represent substrates for MCT1, and not just inhibitors. Cellular AR-C155858 and AZD3965 uptake studies were conducted similarly as in the L-lactate uptake studies. Briefly, cells were plated in 35 mm (diameter) culture dishes at a cell density of 2.0 × 10 5 cells/mL, 2 days before the uptake study. On the day of the experiment, culture medium was removed and cells were washed three times, followed by equilibration for 20 min at 37°C in the uptake buffer or serum-free medium. To determine time-dependent uptake, cells were incubated with uptake buffer (1 mL) containing 30 or 50 nM of AR-C155858 or AZD3965, respectively, for 1, 3, 5, 7, 15, 30, 60, and 120 min. From these studies, 2 and 5 min time points were chosen to represent the linear uptake of AR-C155858 and AZD3965, respectively, at RT. To determine concentrationdependent uptake of AR-C155858 and AZD3965, the concentration ranged from 0 to 10 μM. The uptake was terminated by aspirating the uptake buffer or serum-free medium and the cells were rapidly washed three times with ice-cold buffer. Cells then were lysed in 0.5 mL of methanol/ water (5/95 v/v), frozen at − 80°C for 30 min, followed by thawing on a shaker for 1 h at 4°C. All the samples were stored at − 80°C until analysis. Protein concentrations were determined using BCA assay kit. All the results were normalized to total protein content and were expressed as pmol/mg protein/min or pmol/mg protein.
To determine the driving force for AR-C155858 uptake, the effects of pH and sodium were examined. For pHdependent uptake, cells were incubated with uptake buffer containing 30 nM of AR-C155858 at pH 5.0, 5.5, 6.0, 6.5, 7.0, and 7.4 for 2 min. For sodium-dependent uptake of AR-C155858, cells were incubated with uptake buffer containing 30 nM of AR-C155858 in the presence and absence of sodium at both pH 6.0 and 7.4. For sodium-dependent studies, the Nmethyl-D-glucamine in the uptake buffer was replaced with 137 mM NaCl. To determine the effects of MCT inhibition on AR-C155858 and AZD3965 uptake, cells were pre-incubated with 20 mM of CHC for 30 min at 37°C, followed by the determination of uptake of AR-C155858 and AZD3965, present at varying concentrations.
Cell Lysate Sample Preparation and LC/MS/MS Analysis
Cellular AR-C155858 and AZD3965 concentrations were measured using previously developed and validated liquid chromatography coupled to tandem mass spectrometry (LC/MS/MS) assay of AZD3965 in mouse plasma and tumor tissue (38) . Briefly, AR-C155858 samples were prepared by adding 5 μL of the internal standard (I.S.), AZD3965 (2 ng/ mL), to 55 μL of cell lysate samples. For AZD3965, samples were prepared by 5 μL of the I.S., AR-C155858 (8 ng/mL), to 35 μL of cell lysate samples. Standards and quality controls for AR-C155858 were prepared by adding 5 μL of I.S. and 5 μL of AR-C155858 stock solutions to 50 μL of blank cell lysate. Standards and quality controls for AZD3965 were prepared by adding 5 μL of I.S. and 5 μL of AZD3965 stock solutions to 30 μL of blank cell lysate. Cell lysate proteins were precipitated by adding 600 μL of 0.1% formic acid in acetonitrile. Samples were vortexed and then centrifuged at 10,000×g for 20 min at 4°C. Supernatant (540 μL) was collected and evaporated under a stream of nitrogen gas, followed by reconstitution in 200 μL of acetonitrile/water (40/ 60, v/v).
The LC/MS/MS assay for AR-C155858 and AZD3965 was validated in the cell lysate using a Shimadzu Prominence HPLC with binary pump and autosampler (Shimadzu Scientific, Marlborough, MA), connected to a Sciex API 3000 triple quadruple tandem mass spectrometer with utilizing Atmospheric Pressure Chemical Ionization (APCI) source (Sciex, Foster City, CA). Chromatographic separation was obtained by injecting 15 μL of the sample on to an Xterra MS C18 column (250 × 2.1 mm i.d., 5-μm particle size; Waters, Milford, MA). Mobile phase A consisted of acetonitrile/water (5/95, v/v) with 0.1% acetic acid and mobile phase B contained acetonitrile/water (95/5, v/v) with 0.1% acetic acid. The flow rate was 250 μL/min with a gradient elution profile and a total run time of 15 min. The mass spectrometer was operated in multiple reaction monitoring (MRM) mode utilizing APCI source. Q1/Q3 m/z ratio for the precursor/product ion of AR-C15585 and AZD3965 was 462.3/373.2 and 516.4/413.2, respectively. The retention time for AZD3965 and AR-C155858 were 5.77 and 4.91 min, respectively. The data were analyzed using Analyst version 1.4.2 (Sciex, Foster City, CA).
Regression analyses of peak area ratios of AR-C155858/ AZD3965 to AR-C155858 concentrations and AZD3965/AR-C155858 to AZD3965 concentrations were used to assess linearity of the calibration curve for AR-C155858 and AZD3965, respectively. The intra-day and inter-day precision and accuracy were determined using quality control (QC) samples. Low-, medium-, and high-QC samples were prepared to yield concentrations of 0.75, 6, and 15 ng/mL for the AR-C155858 calibration curve and 2, 30, and 70 ng/mL for the AZD3965 calibration curve. For intra-day precision and accuracy, quality control samples were analyzed in triplicate on each day. For the inter-day precision and accuracy, quality control samples were analyzed over three different days. A calibration curve was run on each analysis day along with the quality controls and the curve was analyzed using 1/χ weighted least squares linear regression analysis (χ = concentration). The precision was determined by the coefficient of variation, and accuracy was measured by comparing the calculated concentration with the known concentration. The recoveries of the AZD3965 and AR-C155858 were determined by comparing the peak areas of extracted standard samples with the peak areas of post-extraction cell lysate spiked at the corresponding QC concentrations (low, middle, and high).
Data Analysis
All the data are presented as mean ± SD. Data analysis was performed in GraphPad Prism (GraphPad Software Inc., San Diego, CA). Depending on the number of groups and variances, data were compared using a Student's t test, oneway ANOVA followed with Dunnett's post hoc test comparisons, or two-way ANOVA followed with Bonferroni's post hoc comparisons. Significant differences were based on the criterion P < 0.05. The transport kinetic parameters, Michaelis-Menten constant K m , maximal velocity V max , and diffusional clearance P, were determined using the following equations:
where ν is the rate of AR-C155858 uptake and C AR-C155858 is the concentration of AR-C155858. All the parameters were determined using weighted nonlinear regression analysis (ADAPT 5 Biomedical Simulations Resource (BMSR), University of South California, Los Angeles, CA). Goodness of fit was determined by the sum of squared derivatives, residual plot, and Akaike information criterion (AIC). Equation 2 yields the smallest coefficient of variation percentage and AIC value, and was subsequently used to estimate kinetic uptake parameters.
RESULTS
Time-Dependent Inhibition by AR-C155858 and AZD3965
Figure 2a, b demonstrate the time-dependent inhibition of L-lactate uptake by AR-C155858 and AZD3965, respectively, in 4T1 cells. Maximal inhibition was observed following 5-min pre-incubation at 37°C with either one of the inhibitors, and the inhibition was sustained up to 5 h.
Reversibility of Inhibition by AR-C155858 and AZD3965
To study whether the inhibition by AR-C155858 and AZD3965 can be reversed by removing bound inhibitor on the cell surface (via washing the cells three times with ice-cold buffer), we chose to pre-incubate the cells with the inhibitors for 30 min at 37°C followed by uptake of L-lactate (0.5 mM). This approach of washing the cells with ice-cold buffer was adopted from Harker et al. as they have shown previously that washing can readily remove a large quantity of loosely associated and nonspecifically bound doxorubicin from the cell surface (39) . Incubation buffers at pH 6.0 or 7.4 were used in these studies. Uptake of L-lactate at pH 6.0 and 7.4 was significantly inhibited by AR-C155858 and AZD3965 in the presence or absence (after removal) of the inhibitors (Fig. 3a, b) . For AR-C155858 at pH 6.0, there was 81.8% and 80.5% inhibition with and without washing the cells with icecold buffer to remove the inhibitor, respectively (Fig.3a) . Similarly, at pH 6.0, AZD3965 demonstrated 83.5% and 86.6% inhibition with and without removal of the inhibitor, respectively (Fig. 3b) . These results demonstrated that the removal of the inhibitor by washing the cells three times with ice-cold buffer did not reverse the inhibition of L-lactate uptake, suggesting tight binding of the inhibitors and that inhibition by AR-C155858 and AZD3965 is only slowly reversible. We further evaluated the time needed to completely reverse the inhibition. Here, we investigated the amount of L-lactate uptake at various times after the removal of the inhibitors via washing the cells with ice-cold buffer. We demonstrated that to completely reverse the inhibition of Llactate uptake at pH 6.0 by AR-C155858 and AZD3965, it took 3 and 12 h, respectively (Fig. 3c, d) .
Additionally, the reversibility of inhibition by AR-C155858 was confirmed in HCC1937 cells (a human breast cancer cell line that expresses both MCT1 and MCT4) (Fig. 4a, b) . Interestingly, we observed an overshoot phenomenon of L-lactate uptake beyond the baseline level after the complete abolishment of the inhibition by AR-C155858 and AZD3965 (Figs. 3c, d and 4b) . Together, these results showed that AR-C155858 and AZD3965 are slowly reversible and that the inhibition of L-lactate uptake by AZD3965 was sustained longer than AR-C155858.
Cell Lysate AR-C155858 and AZD3965 LC/MS/MS Assay
From the AR-C15585 and AZD3965 LC/MS/MS assays, the lower limits of quantification for AR-C155858 and AZD3965 in cell lysates were found to be 0.1 and 0.15 ng/ mL, respectively, with good precision and accuracy. The calibration curve range for AR-C155858 was from 0.1 to 25 ng/mL based on regression analysis of peak areas to AR-C155858 concentrations with a correlation coefficient (r 2 ) > 0.999. The calibration curve range for AZD3965 was from 0.15 to 100 ng/mL based on regression analysis of peak areas to AR-C155858 concentrations with r 2 > 0.999. The recovery and intra-day and inter-day precision and accuracy of the quality control samples are summarized in Table I .
Uptake of AR-C155858 and AZD3965 in 4T1 Cells
Given that the proposed mechanism of inhibition by AR-C155858 involves slow membrane permeability and binding to MCT1 at an intracellular membrane site (30,37), our current study further evaluated whether AR-C155858 and AZD3965 are substrates of MCT1. Here, the uptake of AR-C155858 and AZD3965 in 4T1 cells was investigated at physiological pH (7.4) in serum-free medium. The uptake of 30 nM AR-C155858 and 50 nM AZD3965 by 4T1 cells were examined over time at RT, up to 2 h (Fig. 5a, b) . The uptake rates of AR-C155858 and AZD3965 were linear up to 5 and 7 min, respectively. The uptake studies were carried out at RT because we demonstrated that the rates of uptake of AR-C155858 and AZD3965 were rapid at 37°C (data not shown). From these studies, 2 and 5 min were chosen for the uptake time of AR-C155858 and AZD3965, respectively.
Concentration-dependent studies were performed for AR-C155858 (0.03 to 10 μM) and AZD3965 (0.05 to 10 μM). Our results in 4T1 cells showed that the uptake of AR-C155858 exhibited saturable kinetics (Fig. 5c) , whereas the uptake of AZD3965 demonstrated passive diffusion and no saturation was observed up to 10 μM (Fig. 5d) . The concentrationdependent uptake of AR-C155858 was best fitted to a Michaelis-Menten equation with a passive diffusion component (K m = 0.399 ± 0.067 μM, V max = 4.79 ± 0.58 pmol/mg/min, and P = 0.330 ± 0.088 μL/mg/min) ( Fig. 5c and Table II) . 
Effect of CHC on the Uptake of AR-C155858 and AZD3965
Since the uptake of AR-C155858 in 4T1 cells were demonstrated to be saturable, we further evaluated whether the uptake can be inhibited by CHC, a well-characterized nonspecific inhibitor of MCT1-4. Interestingly, CHC (20 mM) significantly inhibited AR-C155858 uptake at 0.03, 0.1, 0.4, and 1.2 μM but not at a higher concentration, 3.7 μM (Fig. 6a) , suggesting that AR-C155858 may be a substrate for MCT1 in 4T1 cells. In contrast, CHC (20 mM) did not significantly inhibit AZD3965 uptake at 0.1, 1, 5, and 10 μM (Fig. 6b) , indicating that AZD3965 is likely passively taken up into the 4T1 cells.
Effect of pH and Sodium on the Uptake of AR-C155858
The uptake of AR-C155858 at pH 5.0, 5.5, 6.0, 6.5, and 7.0 were compared to that at pH 7.4. Of all the pH values examined, only pH 5.0 showed significantly higher uptake than at pH 7.4 (Fig. 7a) . The effect of sodium on the uptake of AR-C155858 in 4T1 cells was evaluated at pH 6.0 and pH 7.4. At pH 6.0, the uptake of AR-C155858 was significantly higher with sodium than without sodium; however, there was no significant difference in the presence and absence of sodium at pH 7.4 (Fig. 7b) . In the presence of sodium, the uptake of AR-C155858 was significantly higher at pH 6.0 than at pH 7.4 (Fig. 7b) .
DISCUSSION
AZD3965, a pyrrole pyrimidine derivative and an analogue of AR-C155858, is a first-in-class monocarboxylate transporter 1 (MCT1) inhibitor that is currently being investigated in a phase I clinical trial in the UK for advanced solid tumors and lymphomas (NCT01791595). AR-C155858 and AZD3965 are potent MCT1 inhibitors with K i values of 2.3 and 1.6 nM, respectively (30, 40) . A proposed mechanism of inhibition by AR-C155858 has previously been reported, which involved binding of AR-C155858 to the transmembrane helices 7-10 of MCT1 from the intracellular side at key residue sites involved in the substrate binding and translocation cycle of MCT1 (30) . Prior to gaining access to its inhibitory binding site, it was proposed that AR-C155858 undergoes slow membrane permeability to reach the cytosolic side (30, 37) . A previous publication from our laboratory showed that removing AR-C155858 from cells by washing did not reverse the inhibition of gamma hydroxybutyric acid (GHB) uptake, a known substrate of MCT1, 2, and 4, in rat (1) uptake of L-lactate alone, (2) pretreatment with the inhibitor followed by uptake of L-lactate, (3) pretreatment with the inhibitor followed by washing the cells three times with ice-cold buffer and uptake of L-lactate. The inhibition of L-lactate uptake by AR-C155858 (200 nM) at various times after the removal of the inhibitor, as in treatment condition (3). Dotted line represents time return back to the baseline of L-lactate uptake alone at pH 6.0 (b). ****P < 0.0001 compared to the control at pH 6.0; ### P < 0.001 compared to the control at pH 7.4. Two-way ANOVA followed by Bonferroni's post hoc test. Data are presented as mean ± SD, n = 3 The measured concentrations represent mean of triplicate measurements. The analyses were performed over 3 days kidney KNRK cells (34) . The inhibitory properties of AZD3965 remain largely unknown. In the current study, we further characterized the inhibitory properties of AR-C155858 and AZD39654 and evaluated whether these inhibitors are substrates for MCT1 in the murine 4T1 breast tumor cell line that we previously have shown to express only MCT1, but not MCT2 or MCT4, on the plasma membrane (36) . We examined the time-dependent inhibition of L-lactate uptake by AR-C155858 and AZD3965. Our results indicated that AR-C155858 and AZD3965 exhibit prolonged inhibition. Different from previous studies, we observed a maximum inhibition following a 5-min pre-incubation time with both of the inhibitors as opposed to 30 and 45 min with AR-C155858 (100 nM) at RT in the rat kidney KNRK cells and Xenopus laevis oocytes transfected with MCT1, respectively (30, 34) . This discrepancy may be due to the higher pre-incubation temperature (37°C) used in our current study. Nevertheless, our data demonstrated a rapid and prolonged inhibition by AR-C155858 and AZD3965.
To better understand the mechanism of inhibition by AR-C155858 and AZD3965, we evaluated the reversibility of inhibition. Consistent with our previous study (34) , we showed that washing the cells three times with ice-cold buffer to remove the inhibitors did not abolish their effects. Interestingly, we found that it required 3 and 12 h to completely reverse the inhibition of L-lactate uptake by AR-C155858 and AZD3965, respectively, indicating that these inhibitors are slowly reversible. This slowly reversible inhibition was further confirmed utilizing a different cell system, the human HCC1937 breast cancer cell line where both MCT1 and MCT4 are present. Our results here are supported by clinical evidence that the side effects of AZD3965, such as retinal impairment measured by electroretinogram, were found to be reversible and asymptomatic (41) . Under our current experimental conditions, another interestingly aspect we observed here was an overshoot phenomenon of L-lactate uptake beyond the baseline level after the removal of the inhibitors, when examined at later times. While it is not known why we observed higher Llactate concentrations, it may be a result of starvation of the cells in the serum-free medium for a long period of time (42) , or due to inhibition of the efflux of L-lactate at later times, since MCT1 transport can be bidirectional depending on the driving force.
CHC represents a known and well-characterized nonspecific inhibitor of MCT1, 2, and 4 for which there are both in vitro and in vivo studies demonstrating activity against MCTs (2, 26, (43) (44) (45) . Here, we demonstrated that AZD3965 (up to 10 μM) passively diffuses into 4T1 cells and the uptake cannot be inhibited by CHC, indicating that the uptake of AZD3965 is not carrier mediated and does not involve MCT1-mediated transport, under our experimental conditions. In contrast, AR-C155858 demonstrated saturable uptake in 4T1 cells. This is consistent with the greater lipophilicity of AZD3965 (log P of 1.78 versus 1.53 for AR-C155858). While these two compounds are similar in chemical structure and the difference in the log P is relatively small, AZD3965 is orally bioavailable (nearly complete oral bioavailability in mice from our unpublished data) as opposed to 4% oral bioavailability of AR-C155858 reported in rats (28) . While the mechanism underlying the differences in oral bioavailability is unknown, these findings suggest potential differences in membrane permeability or transport and firstpass extraction. A previous report suggested that the inhibition by AR-C155858 involved an initial transient binding to MCT1 before AR-C155858 can Bshuttle^across the plasma membrane and gain access to its final binding site from the intracellular side (37) . To investigate whether AR-C155858 is a substrate for the proton-dependent MCT1 present in 4T1 cells, we evaluated the effect of the MCT inhibitor CHC, and the effect of pH on the uptake of AR-C155858. Our results here demonstrated significant inhibition of AR-C155858 uptake by CHC, and a trend toward higher uptake of AR-C155858 at lower pH, with the uptake at pH 5.0 being significantly greater than at pH 7.4. As pH dependence is characteristic of MCT1-mediated transport, and MCT1 transport can be inhibited by CHC, our findings suggest that AR-C155858 may be a MCT1 substrate. Further studies utilizing MCT1 knockdown via siRNA will need to confirm whether AR-C155858 is a potential substrate of MCT1.
In addition, we also evaluated sodium-dependent uptake of AR-C155858 in 4T1 cells. Interestingly, we found that in the presence of sodium, the uptake of AR-C155858 was significantly higher at pH 6.0 compared with that in the absence of sodium; no significant differences were observed at pH 7.4. The effect of sodium requires further study and suggests that besides the proton-dependent MCT1, a form of sodium-dependent MCT (SLC5A8 or SLC5A12), or another sodium-dependent transporter, may be present in 4T1 cells and contribute to the uptake of AR-C155858.
In summary, the findings presented here demonstrate prolonged inhibition by AR-C155858 and AZD3965, with inhibition being slowly reversible. We also demonstrated that the uptake of AR-C155858 was saturable and can be inhibited by CHC, suggesting that AR-C155858 may be a substrate for MCT1 present in 4T1 cells. Different from AR-C155858, AZD3965 demonstrated passive diffusion and CHC had no significant effect on the cellular uptake of AZD3965, consistent with its good oral bioavailability and higher lipophilicity. Our findings suggest that AR-C155858 is a Fig. 6 . The effect of CHC on the cellular uptake of AR-C155858 and AZD3965 in 4T1 cells. The uptake of AR-C155858 (a) and AZD3965 (b) in the absence and presence of CHC (20 mM) at physiological pH (serum-free medium). Cells were pre-incubated with CHC for 30 min at 37°C followed by uptake of AR-C155858 or AZD3965 at RT for 2 or 5 min, respectively. NS nonsignificant; **P < 0.01; ***P < 0.001; ****P < 0.0001 compared to the uptake AR-C155858 or AZD3965 in the absence of CHC. Two-way ANOVA followed by Bonferroni's post hoc test. Data are presented as mean ± SD, n = 3 Fig. 7 . The effect of pH and sodium on the uptake of AR-C155858 in 4T1 cells. The uptake of AR-C155858 (30 nM) at various pH (a) and in the presence or absence of sodium (b). *P < 0.05; ***P < 0.001. One-way ANOVA followed by Dunnett's post hoc test. Data are presented as mean ± SD, n = 3 MCT1 substrate, but other sodium-dependent transporters may also contribute to its uptake in 4T1 cells. Publisher's note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
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